The homogeneous microstructure, precise texture, and weldability of pre-hardened AISI P21 plastic mold steel are ideal for mirror-finished plastic mold cores and cavities. This study applies a nitriding heat treatment and oxynitriding to AISI P21 plastic mold steel, using various processing parameters to determine the influence that nitriding treatment has on the surface characteristics. Regarding the prepared specimen, an optical microscope was used to analyze the microstructure and thickness of the nitride layer, X-ray diffraction (XRD) was performed to examine the structure, a 3D surface profile meter was employed to analyze the surface morphology and roughness, and polarization corrosion was conducted to assess the corrosion resistance. A Rockwell C test was also applied to examine the hardness. The results show that applying nitriding treatment to AISI P21 plastic mold steel can effectively improve the surface hardness, and the addition of an oxynitride surface layer increases the corrosion resistance. The nitrogen element under the surface layer, which although relatively hard is brittle, produces ferrous nitrides such as Fe3N and Fe4N that maintain the precise shape of the plastic mold and extend its service life.
Introduction
With the continuous improvement in mold technologies driven by industry development and market demands, 3C electronic products are undergoing rapid changes. In addition, the demand for light, thin, short, small, and mirror-finished products continues to increase, and the requirements for plastic injection products are becoming stricter. AISI P21 mold steel possesses excellent ductility and surface hardness, which is unchanged after electric discharge machining. The homogeneous structure, good optical rotation and high corrosion resistance of AISI P21 mold steel are ideal for precision texture compression. Furthermore, AISI P21 mold steel possesses good machinability and is suitable for surface engineering applications such as nitrogen quenching, chromium plating and titanium plating. As a cold mold steel material with high ductility and hardness, AISI P21 mold steel is suitable for high-accuracy plastic molds. 1) This study applies various gas nitriding treatments to AISI P21 mold steel and tests the conditions of molds and the damage sustained from corrosion. The objectives of this study were to increase the hardness and corrosion resistance of AISI P21 mold steel, reduce molds deterioration to extend their service life, and decrease production costs. Therefore, this study analyzes the application of AISI P21 mold steel to increase its applications in the domestic mold market.
Experiment
In this paper, a surface modification treatment is applied to AISI P21 mold steel using gas nitriding technologies with varying processes. 25) This study analyzes the influence that gas nitriding treatment has on the microstructure and mechanical properties of the specimens, comparing treated specimens with untreated (blank) specimens. Assessments of the corrosion resistance, hardness, surface roughness and hydrophilicity of the nitride layer are crucial for understanding the structure and mechanical properties.
Nitriding equipment and process parameters
After subjecting AISI P21 mold steel to mechanical grinding and polishing, the base material was directly analyzed. The following three surface-modifying gas nitriding processes were applied to the base material: (1) gas nitriding and post-oxidation, 6,7) (2) gas nitriding for 8 h, and (3) gas nitriding for 16 h. The equipment used was a pit-type gas nitriding furnace. Table 1 shows the treatment conditions, and N1, N2 and N3 denote the specimen number. Figures 1(a) , 1(b) and 1(c) show the gas nitriding timetemperature curves for Specimens N1, N2 and N3, respectively.
2.2 Observation of the nitride layer using a metallurgical test The microstructure of the nitride layer was analyzed during the nitriding process using the specimen profiles. An optical microscope was employed to observe the specimens after conducting standard metallurgical experiment procedures such as wire-electrode cutting, mounting, grinding and etch polishing. 
X-ray diffraction (XRD) analysis
After the nitriding process, the AISI P21 mold steel base material and specimens were cut to a thickness of approximately 6 mm, and an X'Pert PRO MPD X-ray diffractometer produced by PANalytical was used to detect changes in the constituent phase of the specimen surfaces. The copper target Cu K¡ = 0.154056 nm served as the radioactive source for the surface of the prepared specimens, and the relationship between the incident angle and K¡ intensity was used to identify the phase structure and changes in the AISI P21 mold steel following nitriding. The XRD operating current was 30 mA, the voltage was 40 kV, and the scanning range was 2ª = 2080°at a speed of 3°/min. MDI Jade 5.0 software was subsequently employed to compare the resulting XRD diffraction patterns and identify the structure of the nitride layer.
Hardness test
A Mitutoyo Rockwell C hardness testing machine with a 150 g load was used to perform surface indentation tests on the specimens. A diamond cone-shaped indentator (120°t op-end circular angle tester with a radius of 0.2 mm) was used to measure the surface hardness of each specimen. Five points were examined during each test, and their mean value obtained.
Surface roughness test
A ET-4000A 3D surface profiler produced by Kosaka Laboratory Ltd. was used to examine the 3D surface appearance and roughness of the specimens after nitriding. The apparatus comprised a probe motion detector, action controller, control computer, signal amplifier, monitoring screen and CCD camera. The test drive speed was set to 0.05 mm/s, and the measurement distance was 0.2 mm. Each specimen group was measured three times and the mean value calculated. The surface roughness measurements were assessed based on the centerline average roughness (Ra), which was defined as the arithmetic mean of deviations from the surface axle centerline.
Polarization corrosion test
The experiments conducted in this study included a polarization corrosion test to measure the corrosion resistance of the nitride layer. For this test, saturated silver chloride (SSC), which served as the reference electrode, and platinum (Pt), which served as the auxiliary electrode, were placed into a solution at ambient temperature for 1200 s to observe changes in the open circuit potential over time. To simulate a seawater environment, a test solution of 3.5 mass% NaCl and a scanning speed of 1 mV/s were adopted the primary operating parameters. Curves were measured from the initial potential of ¹0.6 V to the final potential of +0.7 V, and electrochemical corrosion testing was conducted in a scanning area of 0.95 cm.
2) The obtained polarization curves were analyzed using CView 2 software to determine the corrosion potential (E corr ) and corrosion current (I corr ), which denote the corrosion resistance of AISI P21 mold steel after nitriding.
813)
3. Results and Discussion 3.1 Observation of the microstructure based on the nitride layer profile Figure 2 shows the microstructural morphology of each specimen. The results in the figure indicate that an obvious nitride layer at a thickness of 80, 140 or 180 µm forms on each specimen. Thus, the effects of nitriding were relatively significant. The microstructure of each specimen comprised, from the top to the bottom, an oxidation layer ¼ nitriding layer ¼ diffusion layer ¼ base material. Although the duration of nitriding for Specimen N1 was less than 3 h, a nitride layer was generated because of the anti-abrasive and anti-corrosive surface oxidation layer. The microstructure of Specimen N2 after nitriding exhibited regular size grains and limited change. Furthermore, the thickness and hardness of the nitride layer had increased significantly compared to that of Specimen N1, indicating that an obvious and positive relationship exists between the nitriding duration and the nitride layer thickness. The grains in the microstructure of Specimen N3 after nitriding were large because of the hightemperature environment and lengthy nitrogen atom accumulation period. High temperatures resulted in the precipitation of superfine carbide, which formed iron-based martensites. A nitrogen compound layer that differed from the diffusion layer also appeared on the surface of the specimens. This layer is typically known as the white nitriding layer, comprises hard ¾ phase Fe2-3 N, and is the primary cause of the high surface roughness of Specimen N3. However, the overall surface roughness of Specimen N3 improved significantly, and the nitride layer was thicker than that of Specimens N1 and N2.
XRD analysis
This study used a low angle of incidence for XRD analysis of the AISI P21 mold steel base material and specimen surfaces following the application of various nitriding processes. The analysis results confirmed the phase structure of each nitride layer, and are presented in Fig. 3 . As shown in Fig. 3(a) , the XRD analysis results for Specimen A indicate that crystallization equaled the ¡ phase structure under ambient temperatures and possessed two diffraction peaks at 2ª = 44.65 and 64.95°. Using a JCPDS card for comparison, the two diffraction peaks possessed diffraction planes (110) and (200), and (110) was the main characteristic peak with a diffraction angle 2ª = 44.65°. This means that the AISI P21 mold steel base material exhibited an ¡-Fe structure under ambient temperatures. In addition, the intensity of all diffraction peaks in the nitride layer after various nitriding processes increased significantly in correlation to the nitriding time. Thus, the thickness of each compound layer increased. The XRD analysis results for Specimen N1 shown in Fig. 3(b) indicate that although the peaks possessed a reduced ¡-Fe structure, they did not disappear completely after nitriding. However, using a JCPDS card for comparison, displacement of the diffraction angle was observed. Comparing the diffraction peaks with higher values showed that the layer was a Fe 3 O 4 -phase oxidation layer, with four strong diffraction peaks appearing at 2ª = 30.00, 35.45, 56.95 and 62.55°, with the corresponding diffraction planes (220), (311), (511) and (440). The Fe 3 O 4 -phase oxidation layer formed during the nitriding and oxidation processes and slowed the abrasion and corrosion. According to XRD analysis results for Specimens N2 and N3 after nitriding, as shown in Figs. 3(c) and 3(d) , the nitride layer had a tendency to thicken as the nitriding time increased. Specimen N2 exhibited three relatively strong diffraction peaks at 2ª = 38.15, 41.15 and 43.55°, with the corresponding diffraction planes of (110), (002) and (111). Specimen N3 possessed three relatively strong diffraction peaks at 2ª = 41.25, 43.65 and 57.45°, with the corresponding diffraction planes of (002), (111) and (112). A comparison of the diffraction peaks using a JCPDS card indicated that the layer was an ¾ phase Fe3N oxidation layer. However, the diffraction angles showed limited displacement because of the varying nitriding duration. Based on the XRD analysis results, under the same nitriding temperature, the diffraction peaks of ¡-Fe decreased gradually as the nitriding time increased. This is because the thickness of the nitride layer increased with longer nitriding durations. The XRD pattern for Specimen N3 showed diffraction peaks in the white nitriding layer of ¾ phase Fe3 N and the oxidation layer of the FeO phase. However, this condition was not observed for Specimens N1 and N2. These results correspond to the white layer structure found in Specimen N3, as shown in Fig. 2(c) . This white layer increased the surface hardness of Specimen N3. Formation of the oxidation layer is inferred to have resulted from the high temperature at the blow-in of Specimen N3, leading to the long reaction period between the specimen and air. This reaction generated a number of FeO phase oxidation layers.
14,15)
Hardness analysis
The hardness test is the method most frequently used to measure the mechanical properties of a material. Table 2 shows the hardness test results, and Fig. 4 shows a hardness comparison chart for the nitriding specimens. The surface hardness of the specimens improved significantly after nitriding. The hardness of Specimen N1 reached HRC 55, and that for Specimens N2 and N3 reached HRC 62 and HRC 63, respectively. These values are significantly higher than the hardness of the base material at HRC 38. These results confirm the efficient hardness increase of the nitride layer and surface abrasion resistance. The increase in the surface hardness of Specimens N2 and N3 exceeded that for Specimen N1. This was because the nitriding time was longer, and the gas nitriding process generated a white layer on the specimen surface, which resulted from the hard yet easily desquamated ¾ phase Fe2-3 N white nitriding layer. Compound layers in the microstructures were also identified using the specimen profiles, as shown in Figs. 2(b) and 2(c).
Surface roughness analysis
To determine the surface morphology differences between the nitrided AISI P21 mold steel specimens, a 3D surface measuring instrument was employed. Figure 5 shows the 3D surface profiles for each specimen. The surface coarseness of AISI P21 mold steel increased after the nitriding process. Specifically, the surface roughness rose from an initial value of 9 nm for Specimen A, 49 nm for Specimen N1, 66 nm for Specimen N2 and 97 nm for Specimen N3. This was primarily because of the specimens' placement in a hightemperature environment, and the lengthy accumulation of nitrogen atoms during the nitriding process. The formation of the nitride layer increased the coarseness of the surface crystal lattices and the surface roughness. The surface roughness also tended to increase with the nitriding time, indicating that surface roughness is significantly and Table 2 The surface hardness of each specimen.
Specimens
Rockwell hardness (HRC) positively related to the nitriding time. Figure 6 shows the test results. The surface roughness of the specimens with the three nitride layers was ranked according to magnitude as N3 > N2 > N1 > A. The surface roughness of Specimen N1 was low and beneficial for removing the coating of plastic products. Thus, this specimen is relatively valuable for plastic mold cavity surface treatments.
16)

Polarization corrosion analysis
The electrochemical polarization curve test was initially used to assess the corrosion resistance of each nitride layer specimen. The electromechanical test primarily assessed the potential difference produced by the significant aggregation of ions leading to cell concentration. The corrosion current (I corr ) determined the corrosion resistance of the nitride layer, with a smaller I corr value indicating a superior corrosion resistance. The corrosion potential (E corr ) denoted the corrosion resistance. Thus, a greater E corr value indicated a higher corrosion resistance of the nitride layer. Consequently, the difficulty of corroding the nitride layer can be determined using the I corr and E corr values. 17, 18) The polarization curve of each specimen during the nitriding process was obtained after nitriding treatment. This process used the electrochemical formula that employed a 3.5 mass% NaCl water solution, as shown in Fig. 7 . The corrosion resistance of all specimens after nitriding was satisfactory, and all passivation zones appeared. The passivation zones appeared because gas nitriding contributed to the formation of an anti-corrosive nitride layer of ¾ phase Fe3N on the specimen surfaces. This nitride layer can block the NaCl water solution, reducing the corrosion current (I corr ), decreasing the corrosion speed, and limiting the corrosion phenomenon. The passivation zone of Specimen N1 was the most obvious because it exhibited all the anti-corrosion requirements of the nitriding layer. In addition, the CView 2 software was employed to create a tangent curve intersection to determine the corrosion current (I corr ) and corrosion potential (E corr ) of the nitride layer for each specimen, as shown in Table 3 . The corrosion resistance of the base material (A) was comparatively poor, and based on the value obtained from the software conversion, this material specimen corrodes easily compared to others in the study. Specimens N1, N2 and N3 all exhibited satisfactory corrosion resistance. The specimens were ranked N1 > N3 > N2 > A according to their corrosion resistance. Thus, Specimen N1 exhibited the highest corrosion resistance, and the base material possesses a comparatively poor corrosion resistance. In summary, the corrosion analysis results shown in the various figures and tables indicate that Specimen N1 possessed the optimal passivation zone, lowest corrosion current, and maximum corrosion potential, thereby providing the highest corrosion resistance.
Conclusion
(1) The XRD analysis results of this study show that although the ¡-Fe peaks in Specimen N1 were reduced, they did not disappear completely after nitriding. A comparison of the diffraction peaks indicated that the layer was a Fe 3 O 4 -phase oxidation layer. This resulted from the nitriding and oxidation processes, and could reduce abrasion and resist corrosion. The diffraction analysis of Specimens N2 and N3 following nitriding showed that the nitride layer tended to increase as the nitriding time increased. The intensity of all diffraction peaks of the nitride layers also increased, indicating that each compound layer thickened accordingly. (2) The hardness test results show that the surface hardness of the material increased significantly after the nitriding process. The hardness of Specimen N1 reached HRC 55, and that for Specimens N2 and N3 reached HRC 62 and HRC 63, respectively. These values significantly exceed the hardness of the base material at HRC 38. Thus, the results of this study clearly show that the nitride layer increased the hardness and efficiency of the surface abrasion resistance. (3) The surface roughness test showed that the surface coarseness of AISI P21 mold steel increased after the nitriding process. The surface roughness exhibited a tendency to increase in correlation to the nitriding time. Furthermore, the surface roughness was significantly and positively related to the nitriding time. The surface roughness of the specimens with the three nitride layers was ranked according to magnitude: N3 > N2 > N1 > A. The surface roughness of Specimen N1 was 49 nm.
(4) The polarization corrosion test showed that Specimen N1 possessed an obvious passivation zone and low corrosion current. Therefore, this specimen can effectively reduce corrosion speeds and limit the corrosion phenomenon. The corrosion current (I corr ) for Specimen N1 was 1.5022 © 10
¹7
. Thus, the nitriding process of Specimen N1 achieved the highest corrosion resistance. A review of the test results leads to the following conclusion: Applying gas nitriding to the surface of AISI P21 mold steel can effectively improve its mechanical properties. Furthermore, the application of oxynitriding provides the optimum results.
